Three-dimensional lamina architecture alters light-harvesting efficiency in Fagus: a leaf-scale analysis by Fleck, S. et al.
Summary Modification of foliage exposition and morphol-
ogy by seasonal average integrated quantum flux density (Qint)
was investigated in the canopies of the shade-tolerant late-
successional deciduous tree species Fagus orientalis Lipsky
and Fagus sylvatica L. Because the leaves were not entirely flat
anywhere in the canopy, the leaf lamina was considered to be
three-dimensional and characterized by the cross-sectional an-
gle between the leaf halves (θ). Both branch and lamina incli-
nation angles with respect to the horizontal scaled positively
with irradiance in the canopy, allowing light to penetrate to
deeper canopy horizons. Lamina cross-sectional angle varied
from 170° in the most shaded leaves to 90–100° in leaves in the
top of the canopy. Thus, the degree of leaf rolling increased
with increasing Qint, further reducing the light-interception ef-
ficiency of the upper-canopy leaves. Simulations of the de-
pendence of foliage light-interception efficiency on θ demon-
strated that decreases in θ primarily reduce the interception
efficiency of direct irradiance, but that diffuse irradiance was
equally efficiently intercepted over the entire range of θ values
in our study. Despite strong alteration in foliage light-harvest-
ing capacity within the canopy and greater transmittance of the
upper crown compared with the lower canopy, mean incident
irradiances varied more than 20-fold within the canopy, indi-
cating inherent limitations in light partitioning within the can-
opy. This extensive canopy light gradient was paralleled by
plastic changes in foliar structure and chemistry. Leaf dry mass
per unit area varied 3–4-fold between the canopy top and bot-
tom, providing an important means of scaling foliage nitrogen
contents and photosynthetic capacity per unit area with Qint.
Although leaf structure versus light relationships were qualita-
tively similar in all cases, there were important tree-to-tree
and species-to-species variations, as well as evidence of differ-
ences in investments in structural compounds within the leaf
lamina, possibly in response to contrasting leaf water availabil-
ity in different trees.
Keywords: acclimation, carbon content, dry mass per unit
area, leaf inclination, leaf rolling, light interception, nitrogen
content.
Introduction
Plants have a large potential for structural adjustment in
canopy light-interception capacity through modifications of
branch and foliage orientation and leaf structural attributes
(Planchais and Sinoquet 1998, Pearcy and Valladares 1999).
An important acclimation response is alteration of leaf inclina-
tion angle with respect to the horizontal, which often increases
along understory–gap gradients (Niklas and Owens 1989,
Midgley et al. 1992, Planchais and Sinoquet 1998, Valladares
and Pearcy 1998) as well as from the bottom to the top of cano-
pies (Pearcy and Yang 1998, Niinemets and Fleck 2002b). At
high irradiances, vertically oriented leaves allow efficient re-
duction of mean intercepted quantum flux densities that may
be potentially damaging to foliar photosynthetic apparatus,
whereas horizontal leaves are advantageous for harvesting low
quantum flux densities (Valladares and Pearcy 1998).
It is currently unclear whether leaf inclination responses to
long-term irradiance are constant in the canopy within and be-
tween species. The inclination of free-hanging leaves appar-
ently depends on leaf characteristics that determine the lamina
load on the petiole, such as lamina and petiole lengths and
mass (Niklas 1992b, Niinemets and Fleck 2002a, 2002b), as
well as on lamina and petiole stiffness, which alter the extent
to which the leaf bends under its own mass (Niklas 1991,
1992b). In addition, tropic responses to irradiance may alter
petiole angle and thereby lamina inclination (Niklas 1996,
Niinemets and Fleck 2002b). Thus, leaf inclination in static
equilibrium is an integrated response of lamina and petiole
structural characteristics to interacting environmental vari-
ables, suggesting that lamina inclination angles at a common
irradiance may vary depending on the magnitude of the gradi-
ents of other environmental factors within the canopy.
Apart from the inclination angle, many grass species com-
monly reduce mean radiation loads on the leaf surface by
lamina folding or rolling, particularly under conditions of wa-
ter stress (Begg 1980, Heckathorn and DeLucia 1991). The
leaves of broad-leaved species are also often curled and rolled
(Innes 1992, Muraoka et al. 1998, Sinoquet et al. 1998). Al-
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though the curvature and folding of the lamina surface may
significantly affect whole-plant light absorption, current 3-D
canopy light interception models generally consider that the
leaves of broad-leaved trees are completely flat (Pearcy and
Yang 1996, Cescatti 1997, Sinoquet et al. 1998, Takenaka et al.
1998). The potential significance of leaf curling for leaf light-
interception capacity has been studied in only a few cases
(Sinoquet et al. 1998, Farque et al. 2001), and modification of
the degree of leaf rolling within the tree canopy has not been
examined. Given that both potential excess irradiances and fo-
liar water stress scale with height in the canopy, the degree of
leaf rolling may also vary within the canopy light gradient.
We investigated variability in branch and foliage inclination
angles, leaf architecture and chemistry in relation to irradiance
in Fagus sylvatica L. and Fagus orientalis Lipsky (Fagus
sylvatica ssp. orientalis Greuter & Burdet (Shen 1992)). We
demonstrate a strong control of light availability on foliage in-
clination angles and lamina architecture as well as on the de-
gree of leaf rolling, and important tree-to-tree and interspecific
variability in the relationship between irradiance and leaf
light-interception capacity. To understand further the func-
tional significance of foliage folding in Fagus, we also esti-
mated the potential effect of leaf rolling on light interception
per unit leaf area for seasonal average angular distributions of
diffuse and direct radiation.
Materials and methods
Study species
Fagus sylvatica is a canopy dominant species in lowland and
montane forests in central to southern Europe, and F. orientalis
is a widespread canopy species typical in montane forests of
south-western Asia and south-eastern Europe (Mayer and
Aksoy 1986, Tosun and Özpay 1996, Peters 1997). The distri-
bution patterns of these species in the southeastern Balkans
suggest that F. orientalis may occur on drier and warmer sites
than F. sylvatica (Mayer 1984). Both species have medium-
sized, simple, elliptic to obovate leaves on short petioles. The
leaves of F. orientalis are generally 9–14 cm long with 7–12
pairs of second-order pinnate veins, whereas leaves of F. syl-
vatica are 5–10 cm long with 5–9 pairs of veins (Peters 1997).
All Fagus species grow in similar habitats and are shade-toler-
ant late-successional forest components throughout the world
(Peters 1992, 1997). Canopy leaves of F. sylvatica occur at ir-
radiances as low as 5% or less of above-canopy irradiance
(Ducrey 1981). For F. orientalis, the amount of irradiance pen-
etrating the mature canopy is on the order of 1–2% (Koval and
Bityukov 1969).
Study sites
Fagus sylvatica was studied at Buchenallee, Fichtelgebirge,
Germany (50°03′ N, 11°52′ E, elevation 900–915 m, inclina-
tion 13.5°). The site is located on the SSW aspect of the high-
est peak of Schneeberg (elevation 1051 m) in the Fichtelge-
birge. Mean annual long-term precipitation at the site is
1200 mm (Bayerischer Klimaforschungsverbund 1998), and
the mean annual (1995–1999) temperature is 6.0 °C with a
mean monthly minimum of –4.5 °C and a mean monthly max-
imum of 17.1 °C (O. Klemm, BITÖK, University of Bayreuth,
Germany, unpublished data). The site supports a monotypic
120-year-old Fagus stand with a dominant height of 26 m,
stem density of 520 ha–1 and leaf area index of 8.1. The under-
story primarily consists of Deschampsia flexuosa (L.) Trin and
Oxalis acetosella L. with a mean coverage of only 2%. The
pseudopodsolic brown soil (Dystric Cambisol) is a loamy sand
formed on granite. The humus (A) layer is on average 5.7 ±
0.8 cm thick with a pHH O2 of 4.75 ± 0.13 and a molar C/N ratio
of 20.5 ± 0.5.
Fagus orientalis was studied at the Botanical Garden of the
University of Bayreuth, Germany (49°55′ N, 11°35′ E, eleva-
tion 365 m). Mean annual precipitation (1992–1999) is
688 mm, and mean annual temperature is 8.3 °C with a mean
monthly minimum of –0.4 °C and a mean monthly maximum
of 17.9 °C, (O. Klemm, unpublished data).
Foliage sampling and measurement of inclination angles
At each site, two representative trees were chosen, and foliage
was collected in July 1997 at Buchenallee and in July 1999 at
the Botanical Garden of the University of Bayreuth. Both
F. sylvatica trees were 22 m tall and about 50 years old, but the
dominant tree had greater lateral crown dimensions and a
larger stem diameter at breast height (40 cm) than the sub-
dominant tree (30 cm). The subdominant tree was also partly
shaded by neighboring older and taller beech trees. The first
foliated branch in the dominant tree was located 14 m above
ground, whereas foliage started at 9.5 m in the subdominant
tree. The two F. orientalis study trees were 12–14 years old
and 5–8 m tall, with the live canopy starting at about 1.2 m
above ground. For all study trees, leaves were sampled along
the vertical canopy light gradient using a mobile lift for F. syl-
vatica and a ladder for F. orientalis. Thus, for F. sylvatica, we
could sample the topmost leaves exposed to full sunlight,
whereas for F. orientalis, we reached the uppermost leaves at a
height of about 6.5 m, which received more than 75% of the
above-canopy irradiance.
In F. sylvatica, lamina inclination angles (ϕL) relative to the
horizontal of freely hanging leaves were measured with a pro-
tractor and plumb line for 5–10 leaves from each specific can-
opy location. Because the leaves were often curled and the leaf
lamina was not necessarily planar, we defined ϕL as the verti-
cal angle between the normal to a hypothetical leaf plane and
zenith (see Figure 1 for definitions). Given that light-intercep-
tion capacity of a plane is proportional to cos(ϕL), and the
value of a cosine function does not depend on the sign of the
angle, only the absolute values of ϕL ( ϕL ) were recorded and
means for all leaves per sample location were calculated. In
addition to ϕL, mean branch angle was estimated from at least
10 measurements of twigs and branches of 0.8–3.0 cm diame-
ter in the immediate vicinity (< 0.8 m) of the shoot, leaves of
which were measured for lamina inclination angles.
In F. orientalis, we measured ϕL as well as petiole (ϕP) and
leaf midrib (ϕF) inclination angles, and always recorded the
actual rather than absolute values of inclinations of foliage ele-
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ments. All angles were measured with a precision of ± 5°.
To quantitatively characterize curving and rolling of the leaf
lamina, height (HS) and width (WS) of the leaf space were mea-
sured in the middle of each leaf as described in Figure 2A. The
mean (± SD) relative error of HS measurements was 7.5 ±
3.7%, and that of WS measurements was 1.2 ± 0.3%. After
these measurements, leaves were removed, put in plastic bags
and immediately transported to the laboratory for foliage mor-
phological measurements.
Determination of daily integrated incident quantum flux
density for leaves
Hemispherical photographs were taken with a Minolta MF
camera equipped with 0.15× fisheye adapter (Soligor, Lein-
felden-E., Germany) above a leaf cluster of about 10 neighbor-
ing leaves in F. sylvatica and above each sampled leaf in
F. orientalis to determine seasonal (May 1 to June 30) mean
daily integrated photosynthetically active quantum flux densi-
ties (Qint; mol m–2 day–1) above the sampled foliage. From the
hemispheric images, the canopy transmittance to diffuse (ID,
diffuse site factor) and potential direct solar radiation (IB, di-
rect site factor) were calculated as outlined by Niinemets and
Fleck (2002b). In essence, the relative area of canopy gaps
(nine sky bands, 36 radial sectors per sky band) for uniformly
overcast sky conditions was estimated for ID, whereas IB was
found as the canopy gap fraction along solar tracks between
May 15 and June 30. Calculations of both ID and IB considered
the angular distribution of diffuse and direct radiation over the
sky, and the angular fractions were also cosine corrected to de-
termine the radiation incident on a horizontal plane.
Based on mean (May 1 to June 30) estimates of the direct
(RB; MJ m–2 day–1) and diffuse (RD) components of global so-
lar radiation measured both in the Botanical Garden and
Fichtelgebirge (O. Klemm, unpublished data), we computed
Qint as (see Niinemets and Fleck 2002b for details):
Q I R I Rint D D D B B B= +γ γ (1)
where γD and γB (mol MJ–1) are the conversion factors for dif-
fuse and direct solar radiation, respectively (Ross and Sulev
2000). The relative error of Qint estimates is less than 5% at
high irradiance (Qint > 20 mol m–2 day–1), but increases to
~20% at low irradiance (Qint < 2 mol m–2 day–1; Koppel and
Frey 1985 and Niinemets et al., unpublished observations).
Additional foliage morphological and chemical
characteristics
The maximum projected area of each leaf laid flat (AT) was es-
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Figure 1. Measurement of petiole (ϕP) and lamina (ϕF, ϕL) vertical in-
clination angles with respect to the horizontal. The angle ϕP is defined
as the angle between the attachment points of the petiole to the twig
and to the lamina, ϕF as the horizontal angle of leaf mid-rib, and ϕL as
an average angle between the normal to the leaf plane and the vertical
direction (ϕL ≥ ϕF).
Figure 2. Scheme of the leaf cross sec-
tion. Leaf space width (WS) and height
(HS) were measured in the widest leaf
position (A), and the lamina cross-sec-
tional angle (θ, B) was computed by
Equation 5. As demonstrated in the
idealized axial view of the leaf lamina
(B), the shape of the leaf cross section
may vary for the same combination of
WS and HS values. This variability was
characterized by the shape coefficient,
DC, calculated from the maximum
width of the leaf laid flat and the length
of the hypothetical half ellipse defined
by WS and HS (Equations 3–4). In (C)
and (D), a geometrical model of a leaf
cross section that allows characteriza-
tion of the effects of leaf rolling on fo-
liage light-interception capacity is
outlined (Equations 5–11). Depending
on the angle between the sun and the
leaf normal (γ), leaf halves may (D) or
may not (C) overlap.
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timated with a portable leaf area meter (CI-202, CID, Vancou-
ver, WA). Maximum leaf width (WT) and length of the unrolled
laminae were also measured, and the in situ leaf area projec-
tion onto a horizontal surface (AP) was computed as:
A A W
WP L T
S
T
cos(= ϕ ) (2)
Leaf dry mass was determined after drying at 70 °C for at least
48 h, and leaf dry mass per unit AT (MA) was calculated. Total
leaf nitrogen and carbon contents were determined with an el-
emental analyzer (CHN-O-Rapid, Foss Heraeus, Hanau, Ger-
many).
To describe the geometry of the leaf cross section, we con-
sidered the cross section of the curved leaf lamina to be a half-
ellipse. Thus, the hypothetical length of the curved surface at
the widest position along the leaf (LC) is given as (Bartsch
1966, Figures 2A and 2B):
L H W H WC S S S S= +



 −




π
2
3
2 2 2
(3)
The shape coefficient of leaf lamina (DC), characterizing the
extent to which a leaf cross section deviates from a half-el-
lipse, was calculated as:
D W LC T C= / (4)
where WT is maximal leaf width of the unrolled leaf lamina.
Values of DC > 1 suggest that the lamina curvature is larger at
the edges than in the middle of the lamina, or that, apart from
the enrolling characterized by HS, the lamina is also locally
curled. Values of DC < 1 may indicate that the leaf cross section
more closely approximates a V-shape with the leaf lamina
clasped at the midrib (Figure 2B). Alternatively, as the degree
of leaf rolling increases, HS may become larger than the length
of the semi-axis of the ellipse, also resulting in values of DC
< 1. When the leaves are entirely rolled, HS is equal to the
length of the ellipse axis. However, inward curving of leaf
lamina edges was not observed in our study, indicating that HS
was not larger than the length of the corresponding semi-axis.
Estimation of effect of leaf rolling on foliage light-
interception capacity
In our study, mean (± SE) DC was 0.9613 ± 0.0007 (range
0.86–1.13) for all data pooled. For a rectangular open leaf
cross section, the expected mean DC was 1.1943 ± 0.0009
(range 1.05–1.27), and for a V-shape it was 0.9360 ± 0.0003
(range 0.90–0.96), indicating that the V-shape (Figure 2B)
most closely approximated the measurements. Thus, we as-
sumed that leaf cross sections are triangular to simplify the
analysis. For a V-shaped leaf, the cross-sectional angle (θ, Fig-
ures 2B and 2C) is equal to:
θ = 

2 2arctan
S
S
W
H
(5)
The probability of photon interception in a plant canopy,
F(ω,γ), can be estimated according to the theory of light pene-
tration in a turbid medium (Nilson 1971). The model predicts
F(ω,γ) as a function of the extinction coefficient (G-function,
Ross 1981), of the Markov index for spatial aggregation (λ0,
Nilson 1971), of the leaf area density in the medium (ρ), and of
the beam path-length for specific solar azimuth (ω) and zenith
(γ) angles, L(ω,γ):
F G L( , ) ( ) ( , ))ω γ γ λ ρ ω γ= − −1 0exp( (6)
The G-function is defined as the ratio between the area pro-
jected onto a plane orthogonal to the view direction and the ac-
tual leaf area (Ross 1981), and can be estimated analytically
for several theoretical distributions of leaf angles (Campbell
and Norman 1989) assuming planar or convex leaves. For con-
cave (rolled) leaves, these analytical formulations cannot be
applied. Light-interception characteristics of 3-D objects with
specific shapes can be studied by Monte Carlo ray-tracing ap-
proaches (Sinoquet et al. 1998, Disney et al. 2000). However,
there are no analytical solutions for these models, and there-
fore, they are difficult to parameterize for estimation of canopy
radiative regime.
We derived an analytical formulation to characterize the
effect of leaf rolling on light-interception capacity by using
several simplifying assumptions. Assuming that the beam is
orthogonal to the leaf midrib and that the bisector of the cross-
sectional angle θ is pointing to the zenith, the effect of lamina
rolling can be computed as a function of θ and γ. Defining the
angles φ1 and φ2 (Figures 2C and 2D) as:
φ π γ θ1 2 2= − −/ / (7a)
φ π γ θ φ θ2 12 2= − + = +/ / (7b)
the corresponding projections S1 and S2 of a leaf lamina with a
width WT are given as:
S W1 2
=
T
1cos(φ ) (8a)
S W2 2= −T2
cos(π φ ) (8b)
The G-function of a V-shaped leaf (Figures 2C and 2D) is
computed as the ratio of the leaf projected area on a plane per-
pendicular to the view direction to the actual leaf area. Thus,
the G-function is:
G
S S
W
if S S
S S
W
if S S
( , )
,
, )
,
γ θ =
+
≥
<
1 2
1 2
2
1 2
0
0
T
1
T
max(
(9)
The condition S1S2 > 0 corresponds to no overlap between the
lamina sides (Figure 2C), and S1S2 < 0 corresponds to overlap-
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ping lamina sides (Figure 2D). Equation 9 can be written in a
concise form as:
G
S S S S
W
( , )γ θ = + + +1 2 1 2
2 T
(10)
We calculated the G-function as dependent on the zenith angle
of the incoming radiation by varying the angle γ in the range of
0–90° (Figure 2C).We further expressed the G-function as the
sum of the contributions of the upper (GU) and lower (GL)
sides of the leaf lamina to evaluate the importance of leaf roll-
ing on the relative distribution of irradiance on different leaf
sides:
G G G( , ) ( , ) ( , )γ θ γ θ γ θ= +U L (11)
Contributions of upper and lower sides for specific geometric
situations are given in Table 1.
To determine the effect of varying cross-sectional angles on
foliage light-interception capacity over the entire growing sea-
son, we calculated the daily total intercepted irradiance rela-
tive to the irradiance on a flat leaf (ξ):
ξ
γ γ θ γ
γ γ π γ
π
π
=
∫
∫
Q G d
Q G d
( ) ( , )
( ) ( , )
/
/
0
2
0
2 (12)
where Q(γ) is either the direct (D) or diffuse (d ) irradiance at
zenith angle γ. The calculations were performed separately for
D and d, and for the upper and lower leaf sides. Mean zenith
distributions of direct and diffuse radiation were computed for
the period May 1–June 30, 1999 using the above-canopy solar
radiation measurements in Fichtelgebirge (O. Klemm, unpub-
lished data) and the radiative transfer model of Cescatti (1997)
to calculate the incident light above the canopy. In these calcu-
lations, we assumed that both the folded and flat leaves lay
horizontal (ϕL = 0) at the top of the canopy, and that the foliage
azimuth angle distribution is spherical. Although leaf light-in-
terception efficiency also varies with leaf inclination angle and
leaf clumping, our simulation analysis allows us to gain func-
tional insight into the effects of leaf rolling independently of
other co-existing sources of variability in the light climate.
Data analysis
The statistical significance of light effects on foliage morpho-
logical and chemical characteristics were tested by linear and
nonlinear (y = alogx + b) regression analyses. Analyses of
covariance (ANCOVA) were employed to compare the rela-
tionships between various trees and species. For comparison
of nonlinear relationships, the explaining variable, Qint, was
log-transformed before the analysis. Slopes of the linear and
linearized relationships were compared by separate slope
ANCOVA model. If the interaction term was nonsignificant,
the analysis was continued according to the common-slope
model. Initial analyses demonstrated that there were no statis-
tical differences in foliar characteristics between the trees of
F. orientalis. Therefore, the final analysis compared only
F. orientalis and dominant and subdominant trees of F. syl-
vatica. Differences between the groups were separated by the
Bonferroni test. All relationships were considered significant
at P < 0.05 (Wilkinson 1990).
Results
Variation in branch and foliage inclination angles within the
canopy
Branch inclination angle was strongly related to canopy height
(Figure 3A) and to Qint (Figure 3B). The relationships were
stronger for canopy height than for Qint (cf. Figures 3A and
3B), suggesting that the previous rather than the current light
environment determined mean branch inclination angle, or
that other factors, such as hydraulics, influence branch angle.
Compared with branches in the dominant tree, branches in the
subdominant tree, which had a narrower and taller crown, had
a more upward orientation (P < 0.001 for common-slope
ANCOVA analyses with the actual data in Figure 3A and with
log(Qint) for the data in Figure 3B).
Absolute lamina inclination angle ( ϕL , see Figure 1 for
definition) in both species (Figure 4A) and actual inclination
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
LEAF FOLDING AND INCLINATION IN FAGUS 581
Table 1. Values of the G-function (Equation 10) and contributions of the upper (GU) and lower (GL) leaf sides for varying positions of a V-shaped
leaf lamina with respect to the sun. Variations in the projections of leaf halves, S1 and S2, due to leaf cross-sectional angle θ and the angle γ between
the leaf normal and the sun are illustrated in Figures 2C and 2D.
G(γ,θ) GU(γ,θ) GL(γ,θ) Condition
S S W1 2+ / T (S1 + S2)/WT 0 S1 > 0 and S2 > 0
S S W1 2+ / T 0 –(S1 + S2)/WT S1 < 0 and S2 < 0
max T( , ) /S S W1 2 (S1 + S2)/WT –S2/WT S1 > 0 and S2 < 0 and S S1 2>
max T( , ) /S S W1 2 0 –S2/WT S1 > 0 and S2 < 0 and S S1 2<
max T( , ) /S S W1 2 0 –S1/WT S1 < 0 and S2 > 0 and S S1 2>
max T( , ) /S S W1 2 S2/WT (S1 + S2)/WT S1 < 0 and S2 > 0 and S S1 2<
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angle in F. orientalis (r 2 = 0.41, P < 0.001) were positively re-
lated to Qint. Covariance analyses demonstrated that neither the
slopes (P > 0.9) nor the intercepts (P > 0.1) of the absolute
lamina inclination angle versus Qint relationships were signifi-
cantly different between F. orientalis and the dominant and
subdominant trees of F. sylvatica. Because the regression lines
for different F. sylvatica trees essentially coincided, a single
regression was used to fit the data (r 2 = 0.42, P < 0.001 for the
dominant tree and r 2 = 0.22, P < 0.01 for the subdominant
tree).
In F. orientalis, petiole (ϕP) and leaf midrib (ϕF) inclination
angles were positively related to Qint (Figure 4B). Petiole incli-
nation angle was strongly correlated with ϕL and ϕF (Figure 5).
However, there was evidence that lamina angle relative to peti-
ole angle increased with Qint as well (Figure 4B), indicating
that the dependencies of lamina and leaf midrib inclination an-
gles on irradiance were not attributable to light effects on ϕP
alone.
Foliage inclination angles generally scaled less strongly
with canopy height than with Qint. For example, the fraction of
explained variance (r 2) was only 0.15 (P < 0.001) for the can-
opy height versus lamina absolute inclination angle in F. syl-
vatica (cf. Figure 4A).
Irradiance effects on three-dimensional foliage architecture
We observed that leaf laminas were never completely planar,
and that they became increasingly rolled with increasing Qint
(Figure 6). As indicated by the ratios of leaf space height
(HS, see Figure 2 for definition) to leaf space width (WS, Fig-
ure 6B), WS to total leaf width (Figure 6C), and the angle of
lamina cross section (Equation 5, Figure 6D), the degree of
leaf rolling was larger at greater irradiances. Analyses of co-
variance demonstrated that both slopes (Figures 6B and 6C,
P < 0.001 for both dependencies) and intercepts (Figure 6A,
P < 0.001) of the logarithmic relationships differed signifi-
cantly between the Fagus species, and between the dominant
and the subdominant F. sylvatica trees.
The leaf shape coefficient (DC, Equation 4, Figure 2B) de-
creased from about 1.0 at low irradiances to 0.91–0.92 in the
highest light environment in F. orientalis (r 2 = 0.54, P < 0.01).
In the dominant tree of F. sylvatica, DC was weakly and posi-
tively related to irradiance (r 2 = 0.16, P > 0.05), but it was in-
dependent of irradiance in the subdominant tree (r 2 = 0.00, P >
0.5).
Simulated effect of lamina folding on leaf light interception
capacity
We simulated (Equations 7–12) the effects of leaf folding for
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Figure 3. Branch angle in relation to
height in the canopy (A) and seasonal
integrated quantum flux density (Qint)
(B) in F. sylvatica. A dominant () and
a subdominant () tree were investi-
gated, and linear (A) or logarithmic (B)
regressions were fitted to the data.
Figure 4. Effects of integrated quantum flux density (Qint) on (A) the
absolute lamina inclination angle (Figure 1, ϕL ) in F. sylvatica (cir-
cles) and F. orientalis (triangles), and on (B) the actual inclination an-
gles of petiole (ϕP, ), leaf lamina at leaf fall-line (ϕF, ) and the
angle of leaf lamina relative to the petiole (ϕD = ϕF – ϕP, ) in
F. orientalis. Data were fitted by linear or logarithmic regressions. Be-
cause lamina inclination angle versus Qint relationships in (A) were
not significantly different between dominant () and subdominant
() trees of F. sylvatica (P > 0.05 according to covariance analyses
with log-transformed data), the data for both trees were fitted by the
same regression.
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two hypothetical leaf architectures. A flat leaf with an angle of
leaf cross section (θ, Figures 2B and 2C) of 180° is typical in
the shaded part of the canopy, and a leaf with θ = 100° is com-
mon in the upper part of the Fagus crown (Figure 6D). As the
simulation indicates, the dependence of light interception of a
flat leaf on the beam angle of radiation can be simply de-
scribed by a cosine function (Figure 7). Although light inter-
ception is generally lower for the folded leaf than for the flat
leaf (Figure 7), the folded leaf exhibits a more uniform inter-
ception capacity that is less strongly affected by solar zenith
angle of the incoming radiation. Furthermore, compared with
the flat leaf, the folded leaf has a higher G at higher solar ze-
nith angles, from which most of the diffuse radiation comes
(inset in Figure 8B), and a lower G at lower angles, from which
most of the direct radiation penetrates.
The simulation of mean seasonal intercepted irradiance by
leaves of varying cross-sectional angle (Figure 8) further un-
derscores the importance of leaf rolling in avoidance of exces-
sive radiation interception. The analysis demonstrates that the
interception efficiency of direct radiation decreases with in-
creasing leaf curvature (Figure 8A), reducing the risk of pho-
toinhibition and increasing the light availability for the shaded
canopy layers, but also that leaf curvature over the range ob-
served within the Fagus canopy (Figure 6D) does not signifi-
cantly reduce the interception efficiency of diffuse irradiance
at the top of the canopy (Figure 8B). In particular, the de-
creased interception of diffuse light by the upper leaf surface is
partly compensated by increased interception by the lower leaf
surface (Figure 8B).
These simulations (Figures 7–8) are based on a simplified
leaf cross-sectional geometry (Figure 2C) that may often be el-
liptical rather than V-shaped (Figure 2B). Given that, in terms
of G, an elliptical cross section is more similar to a flat leaf
than a V-shape, the values of G for leaves with elliptical cross
sections are expected to be closer to the G-value of a flat leaf.
Nevertheless, these effects are likely to be minor, and do not
qualitatively alter our conclusions with respect to the perfor-
mance of real leaves in the canopy.
Correlation of degree of leaf rolling with leaf structural
characteristics
Leaf dry mass per unit area (MA) scaled strongly with Qint (Fig-
ure 9A). Analysis of covariance with log(Qint) as covariate
suggested that the slope was larger in F. orientalis than the
slopes in either the dominant or subdominant trees of F. syl-
vatica (P < 0.001). The dominant F. sylvatica tree had a larger
slope than the subdominant tree (P < 0.05, Figure 9A).
Maximal leaf length (r 2 = 0.12, P > 0.1), width (WT, r 2 =
0.00, P > 0.9) and total area (Figure 9B) were independent of
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
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Figure 5. Correlation between lamina ( = ϕF;  = ϕL; see Figure 1
for definitions) and petiole inclination angles in F. orientalis. Data
were fitted by linear regressions.
Figure 6. Dependence of the
height of leaf space (HS, A),
the ratio of HS to the width of
leaf space (WS, B), the WS to
maximal leaf width ratio (C)
and lamina cross-sectional an-
gle (θ, D) on Qint in F. sylva-
tica and F. orientalis. The
height and width of leaf space,
and lamina cross-sectional an-
gle are defined in Figure 2,
and the symbols are as in Fig-
ure 4A.
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irradiance in F. orientalis. However, WT (r 2 = 0.32, P < 0.005)
and leaf area (Figure 9B) were negatively related to irradiance
in the dominant F. sylvatica tree, but not in the subdominant
tree (Figure 9B, r 2 = 0.05, P > 0.2 for WT). Nevertheless, when
the data for both F. sylvatica trees were pooled, both leaf area
(r 2 = 0.10, P < 0.05) and WT (r 2 = 0.15, P < 0.01) were nega-
tively related to irradiance. Maximal leaf width and area were
larger in F. orientalis than in both trees of F. sylvatica (P <
0.001). In F. sylvatica, the area (Figure 9B, P < 0.05) and width
(P < 0.001) were larger in the dominant tree than in the sub-
dominant tree.
In F. sylvatica, projected leaf area (Equation 2) was nega-
tively related to irradiance (r 2 = 0.62, P < 0.001 for the domi-
nant tree and r 2 = 0.18, P < 0.05 for the subdominant tree).
This resulted from decreases in both foliage inclination angles
(Figure 4A) and the width of leaf space (WS; r 2 = 0.65, P <
0.001 for the dominant and r 2 = 0.56, P < 0.001 for the sub-
dominant tree) with increasing irradiance in this species.
Although WS also scaled negatively with irradiance in
F. orientalis (r 2 = 0.33, P < 0.01), its projected leaf area was in-
dependent of irradiance (r 2 = 0.11, P > 0.1). Given the weak
change in total leaf area with irradiance, projected to total leaf
area ratio (AP/AT) scaled negatively with irradiance in all cases
(Figure 9C). For the linearized relationships, neither the slopes
nor the intercepts differed among the groups (P > 0.05).
Leaf rolling and foliage chemistry
Foliage nitrogen concentration per unit dry mass (NM) was
positively related to Qint in the subdominant F. sylvatica tree,
but negatively related in the F. orientalis trees (Figure 10A).
Despite the contrasting NM versus Qint relationships, nitrogen
content per area (NA) was always positively related to irra-
diance (r 2 = 0.85 for the dominant and r 2 = 0.88 for the sub-
dominant tree of F. sylvatica, and r 2 = 0.88 for F. orientalis,
P < 0.001 for all), indicating that the positive effect of light on
MA (Figure 9A) was also primarily responsible for the scaling
of NA with light. As with MA, the relationships between NA and
irradiance were curvilinear in F. sylvatica, but linear in
F. orientalis.
Foliage carbon content per unit dry mass (CM) and Qint were
positively correlated for both F. sylvatica trees, but a negative
relationship was observed in F. orientalis (Figure 10B). Given
that proteins contain more carbon (53.5%, cf. Vertregt and
Penning de Vries 1987) than leaves on average (mean ± SD of
CM was 48.5 ± 1.0% for Fagus sylvatica and 46.03 ± 0.45 for
F. orientalis), and that foliar nitrogen content provides an esti-
mate of foliar protein content, the decrease in CM with Qint in
F. orientalis may have resulted from decreases in NM with
irradiance. To test this possibility, the protein-free carbon con-
tent (structural carbon, CS) was computed as:
C C N
NS
M M
M
=
− × ×
−
6 25 53 5 100
1 6 25 100
. . /
. /
(13)
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Figure 7. Dependence of simulated values of the G-function (the ratio
between the projected area on a surface orthogonal to the direction of
the projection and total leaf surface, Equation 10) on the solar zenith
angle in the case of a flat leaf (cross-sectional angle, θ = 180°) and a
leaf with θ = 100°. The G-function is the major determinant of light-
interception capacity of single leaves. Leaf cross-sectional angles of
around 100° are typical for sunlit leaves of Fagus (Figure 6D).
Figure 8. Mean daily relative
direct (A) and diffuse (B) irra-
diance intercepted by upper
and lower leaf sides, and the
total intercepted irradiance in
relation to the lamina cross-
sectional angle. The irradiance
was expressed relative to the
value determined for a flat leaf
(Equation 12), and the contri-
butions of upper and lower leaf
sides were separated according
to Table 1. The inset in (B)
demonstrates mean (May 1–
June 30, 1999) zenithal distri-
butions of direct (solid line)
and diffuse irradiance (dashed line) employed in simulations of light-interception efficiency. In these calculations, both the diffuse and direct
irradiance were computed for a surface orthogonal to the beam direction as QF/cos(γ), where QF is the irradiance measured by a flat sensor and
γ is the zenith angle. The irradiances in the inset were normalized such that the integrals of both distributions were equal to 1.0.
 at Istituto A
grario di S.M
ichele all'A
dige on January 8, 2013
http://treephys.oxfordjournals.org/
D
ow
nloaded from
 
where the constant 6.25 converts nitrogen content to protein
content. The structural carbon content was independent of Qint
in F. orientalis (r 2 = 0.06), indicating that the decline in CM re-
sulted from changes in NM.
Structural carbon content was positively related to leaf mor-
phological characteristics. Given the positive effects of light
on foliage morphological variables and structural carbon con-
tent, these correlations may have resulted from covariation of
foliar structural and chemical variables with irradiance.
Among the leaf carbon versus morphology relationships, vari-
ous data generally did not conform to a single fit, suggesting
that these correlations existed because of covariation. How-
ever, for the relationships between CS and HS/WS (Figure 11),
CS and the cross-sectional angle (r 2 = 0.59, P < 0.001), and CS
and the WS to maximal leaf width ratio (r 2 = 0.44, P < 0.001),
different sets of data were seemingly a part of the same corre-
lation (slopes and intercepts were not significantly different at
P < 0.05 according to ANCOVA analysis), hinting at possible
causal relationships.
Discussion
Changes in branch and foliage inclination angles
Increases in branch (Figures 3A and 3B) and foliage (Fig-
ure 4A) inclination angles relative to the horizontal with in-
creasing Qint in Fagus confirm the trends observed in other
broad-leaved tree species (Baldocchi et al. 1984, James and
Bell 1996, Niinemets and Fleck 2002b). Although the inte-
grated effect of leaf inclination angle on total daily integrated
light may be relatively minor because solar azimuth and zenith
angles vary during the day, simulations (Gutschick and Wiegel
1988, Valladares and Pearcy 1998) and measurements (Ishida
et al. 1999) demonstrate that increases in foliage inclination
angle significantly reduce the daily amount of intercepted
light. Furthermore, higher leaf inclination angles allow effi-
cient reduction of average irradiance incident to the leaf
surface at midday (Ishida et al. 1999), when the probability of
photoinhibition is greatest due to interactions of low atmo-
spheric humidity and high temperature with excess quantum
flux densities. Given that the net assimilation rate versus inci-
dent quantum flux density (Q) relationships of the upper can-
opy leaves of F. sylvatica saturate at Q values of 350–
600 µmol m–2 s–1 (Rees and Stickan 1991, Schulte 1993), i.e.,
at considerably lower Q than the irradiances of about
2000 µmol m–2 s–1 incident to completely horizontal leaves at
midday, increases in foliage inclination angle provide an im-
portant architectural mechanism to decrease the probability of
photoinhibition of upper-canopy leaves. In contrast, horizontal
leaves in the shaded part of the canopy can effectively increase
the total absorbed radiation because the light is mainly coming
from the low zenithal angles (Gutschick and Wiegel 1988).
The measurements in F. orientalis indicated that the positive
effect of light on lamina inclination angle relative to the hori-
zontal (Figure 4A) was primarily attributable to increases in
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Figure 9. Lamina dry mass per unit area (A), leaf area (B) and projected to total leaf area ratio (AP/AT, C) in relation to Qint in F. sylvatica and
F. orientalis. Only the significant (P < 0.05) regressions are depicted. The projected leaf area, AP, was computed according to Equation 2. The
symbols are as in Figure 4A.
Figure 10. Relationships of fo-
liar nitrogen content (A) and
carbon content (B) with irradi-
ance in F. sylvatica and
F. orientalis. The symbols are
as in Figure 4A.
 at Istituto A
grario di S.M
ichele all'A
dige on January 8, 2013
http://treephys.oxfordjournals.org/
D
ow
nloaded from
 
petiole angle, possibly manifesting a photo- or gravitropic re-
sponse of petioles to irradiance (Halstead and Dutcher 1987,
Niklas 1992a). However, increases in the angle of the leaf
lamina with respect to the petiole (Figures 4B and 5) also
played a role in leaf inclination, suggesting that leaf bio-
mechanical attributes such as lamina load on petiole, petiole
stiffness and biomass investment in mechanical support within
the lamina affected leaf inclination angle in the canopy (cf.
Niinemets and Fleck 2002a for a detailed analysis).
Functional significance of the variation in lamina flatness
within the canopy
In addition to changes in foliage inclination angle, inward roll-
ing of leaves significantly altered unit leaf area projection.
Leaves were not entirely flat anywhere in the canopy, and the
degree of leaf curling strongly increased with increasing irra-
diance in the canopy in both Fagus species (Figure 6). Leaf
margins of many important forest woody species such as Acer,
Carpinus, Carya, Cornus, Frangula, Fraxinus, Hedera, Jug-
lans, Prunus and Sorbus (authors’ personal observations) are
often folded upward. Although lamina rolling in broad-leaved
trees may significantly alter foliage light-interception capac-
ity, very few canopy light-interception models account for the
non-flatness of tree leaves (Sinoquet et al. 1998).
To quantitatively describe the effect of leaf rolling on fo-
liage potential for light harvesting, we calculated the G-value,
which provides an estimate of the light interception efficiency
per unit foliar area for a specific beam direction (Equations 6
and 9) for two leaves differing in degree of lamina rolling (Fig-
ure 7). The simulations indicated that leaf rolling may be an ef-
fective strategy to decrease direct irradiance on the leaf
surface, and simultaneously optimize the interception of dif-
fuse light with moderate irradiances, thereby further reducing
the risk of photoinhibition in the upper canopy.
Foliage dry mass per area (MA) in relation to irradiance
Although extensive modifications in leaf light-harvesting ca-
pacity within the canopy lead to a more uniform light gradient
and allow greater light penetration to the lower canopy com-
pared to a situation in which all leaves are completely flat and
horizontal, incident irradiances varied more than 20-fold be-
tween the canopy top and bottom (cf. the light scale in Fig-
ure 4A). To adjust foliage physiological potentials with leaf
specific orientation and canopy location, MA generally in-
creases with light availability in the canopy (e.g., Niinemets
and Kull 1998), providing a primary explanation for increases
in foliage photosynthetic capacities per unit area with leaf
irradiance (Hollinger 1996). Moreover, decreases in MA are
compatible with a more extensive foliar area, and accordingly
with greater light interception per unit biomass investment in
leaves. We observed that leaf dry mass per unit area varied
fourfold along the light gradient in F. sylvatica, and threefold
for a less extensive light gradient in F. orientalis (Figure 9A).
In comparison, lower ranges of variation of 1.5–3-fold have
been observed for less shade-tolerant species (Niinemets and
Kull 1998), suggesting that high plasticity in orientation of fo-
liage surface and in MA may partly explain the extreme shade
tolerance of Fagus species.
Leaf carbon investments and leaf rolling
Leaf rolling is generally considered to be a specific response
of leaves to water limitations (Begg 1980). Thus, the opposite
relationship between water and light availability in the canopy
may provide a mechanistic explanation for the scaling of de-
gree of leaf rolling with irradiance (Figures 2 and 6). In many
grasses, leaf rolling results from water loss in specific bul-
liform cells in the leaf epidermis (Begg 1980), and there are
strong correlations between leaf water potential and the degree
of leaf rolling in these species (Begg 1980, Heckathorn and
DeLucia 1991, Fernandez and Castrillo 1999). In some grass
species, leaf rolling may also be facilitated by anatomical dif-
ferentiation and turgor gradients between the leaf halves at
both sides of the midrib (Singh and Singh 1989). Importantly,
leaf rolling is readily reversible in grasses, and strong diurnal
variability may occur in the degree of leaf rolling (Begg 1980),
thereby allowing adjustment in light interception and water
loss under specific environmental conditions.
The degree of leaf rolling also increases in response to water
stress in broad-leaved tree species (Castel and Fereres 1982,
Gill and Mahall 1986, Ruiz-Sánchez et al. 1997), but little is
known about the mechanism of leaf rolling in these species. In
the deciduous water-stress sensitive Juglans regia L. (Tyree et
al. 1993), detached leaves roll readily as foliage water content
decreases (A. Cescatti, unpublished data), suggesting a mode
of action similar to that in the grass species. However, the
leaves of Juglans spp. have a particularly low bulk modulus of
elasticity and readily wilt at the turgor loss point. This is in
marked contrast to the leaves of Fagus, which do not wilt even
after turgor loss (Ü. Niinemets, unpublished observations).
Thus, it is unlikely that, in species with stiff leaves, the degree
of leaf rolling is directly controlled by leaf water potentials.
Differential regulation of the growth of upper and lower leaf
sides by means of a complex signal transduction pathway
(Pickard 1985) may be involved in the leaf rolling response in
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Figure 11. Correlation between leaf protein-free carbon content and
the leaf space height to width ratio (HS/WS, Figure 2) in Fagus syl-
vatica and Fagus orientalis. Symbols are as in Figure 4A. All data
were fitted by a single linear regression line. Separate linear regres-
sions gave r2 = 0.46 (P < 0.001, ) and r2 = 0.55 (P < 0.001, ) for
F. sylvatica and r2 = 0.00 (P > 0.8) for F. orientalis.
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deciduous woody species. There is ample evidence indicating
that curling and rolling of plant leaves is often driven by the
plant stress hormone ethylene (Righetti 1996, Jackson 1997,
Kosugi et al. 2000), possibly because of ethylene effects on
auxin or gibberellin gradients through the leaf (Pickard 1985,
Mattoo and Suttle 1991).
Although the exact mechanism of leaf rolling in Fagus re-
mains to be discovered, for modeling daily light-interception
capacity of the foliage, it is important that whenever the rolling
mechanism involves differential growth regulation between
upper and lower leaf surfaces, once developed, the leaf rolling
should not be readily reversible. Although there were tree-to-
tree and interspecific differences in the leaf rolling and carbon
content versus Qint relationships, we observed that the vari-
ables characterizing the degree of leaf rolling—HS/WS (Fig-
ure 11), WS/WT and the cross-sectional lamina angle—each
gave a single relationship with structural leaf carbon content.
This may indicate that the degree of leaf rolling depends di-
rectly on increases in lamina lignification to support the
curved lamina.
Tree-to-tree and interspecific variability in the leaf structure
versus light relationships
We found significant tree-to-tree and interspecific differences
in the degree of leaf rolling (Figure 6), dry mass per unit area
(Figure 9A), leaf size (Figure 9B) and leaf carbon contents
(Figure 10B). Increases in MA, degree of leaf rolling and car-
bon contents are typical responses to water limitation in many
species (Castel and Fereres 1982, Witkowski and Lamont
1991, Abrams et al. 1994). Thus, larger values of foliar carbon
contents, MA and degree of leaf rolling at a common irradiance
in the dominant relative to the subdominant tree of F. sylvatica
may indicate that leaves in the dominant tree were subject to
greater water stress. Leaf size, on the other hand, was greater
in the subdominant F. sylvatica tree than in the dominant tree
(Figure 9B); however, leaf size is determined early in the sea-
son, whereas MA, leaf carbon contents and leaf rolling may in-
crease throughout the season (Castel and Fereres 1982, Reich
et al. 1991, Grossoni et al. 1998). These data collectively sug-
gest that the tree-to-tree variability in foliage structure versus
irradiance relationships resulted from more severe water limi-
tations in the dominant tree than in the subdominant tree. Such
tree-to-tree differences in water availability may be related to
greater total foliage area, lower stem and branch hydraulic
conductivities, differences in rooting systems, or micro-site
heterogeneity in water availability.
Conclusions
In addition to modifications in leaf inclination angles, changes
in the degree of leaf rolling may significantly alter foliage
light-interception capacity and distribution of light throughout
the canopy. The projected leaf area to total leaf area ratio,
which provides an estimate of the combined effects of foliage
inclination angle and leaf rolling on the interception efficiency
of unit foliar area, varied from 0.97 to 0.37 within the canopy
(Figure 9C), indicating a large plasticity for canopy structural
acclimation. This response is functionally convergent with the
large decreases in projected needle surface area to total needle
surface area ratio with increasing Qint in conifers (Niinemets et
al. 2002). It provides an important mechanism for maintaining
the efficiency of light harvesting in diffuse light, and for reduc-
ing the interception of peaks of beam irradiance that could lead
to photoinhibition.
Although leaf rolling responses are commonly observed in
broad-leaved trees, little is known about the mechanisms and
controls of these phenomena. Because of the importance of
leaf rolling for whole-canopy light interception, further re-
search is needed to unravel the potential associations between
foliage water potential, leaf structure and lignification on the
degree of leaf rolling in the canopy.
Our study also highlighted significant differences in leaf
structure and chemistry versus irradiance relationships among
trees of varying social status in the same canopy. A tree stand
consists of a size hierarchy of individuals, and may exhibit
strong micro-heterogeneity in belowground resources. For
scaling of leaf structure and physiology versus irradiance rela-
tionships from trees to an entire stand, we suggest that poten-
tial tree-specific controls on leaf structure should be elucidated
and incorporated.
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